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ABSTRACT

X-ray emission from a comet was observed for the first time in 1996. One of the mechanisms believed to be
contributing to this surprisingly strong emission is the interaction of highly charged solar wind ions with cometary
gases. Reported herein are total absolute charge-exchange and normalized line-emission (X-ray) cross sections
for collisions of high—charge state (+3 to +10) C, N, O, and Ne ions with the cometary species H,O and CO..
It is found that in severa cases the double charge-exchange cross sections can be large, and in the case of C3**
they are equal to those for single charge exchange. Present results are compared to cross section values used in
recent comet models. The importance of applying accurate cross sections, including double charge exchange, to
obtain absolute line-emission intensities is emphasized.

Subject headings. atomic processes— comets. general — X-rays. genera

1. INTRODUCTION

A surprising observation was made in 1996 of X-ray emis-
sions from comet Hyukatake using the ROSAT satellite (Lisse
et a. 1996). The emission peaked along the Sun-comet line
and had atotal luminosity of 4 x 10% ergs s *, which varied
by up to a factor of 4 over atimescale of several hours. Sub-
sequent analysis of the ROSAT All-Sky Survey (1990-1991)
by Dennerl, Englhauser, & Trumper (1997) revealed emission
from several other comets, suggesting that this is a common
phenomenon. A number of theories such as collisions of the
comet with interplanetary dust, solar X-ray scattering and flu-
orescence, and bremsstrahlung from energetic electrons in the
coma have been put forward to explain this emission. However,
only two models are capable of reproducing the X-ray inten-
sities seen in these observations. These are: (1) chargeexchange
of heavy solar wind ions with cometary species (Cravens 1997)
and (2) scattering of solar X-rays from attogram dust particles
(Krasnopolsky 1997). The strongest evidence for the dust scat-
tering model has been given by Owens et a. (1999) from
observations of Hale-Bopp by the BeppoSAX and Extreme Ul-
traviolet Explorer satellites.

The proposed charge-exchange mechanism proceeds as fol-
lows (Cravens 1997):

AT+ X o [ATE 4+ X o

AT L XM+ (k—j)e” + N hy, (1)
where i electrons are captured by a solar wind ion A% from
the cometary atom or molecule X, leaving theion in an excited
state. Its subsequent decay yields N photons. If the initial ion
is highly charged, some of these photons will be in the X-ray
region. Using the relative abundance of solar wind ions (Bame
1972; Boschler 1987), Cravens selected ions that would gen-
erate photons in the energy range observed by ROSAT. As-
suming that each of these ions produces on average one 200
€V photon, he developed asimple model for the X-ray emission
from Hyukatake. For all species considered, a cross section of
3 x 107" cm? was used, based on measurements in H and H,
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by Phaneuf et al. (1982) and Dijkkamp et a. (1985). It was
also assumed that the fraction of collisions producing an X-
ray transition was 10% (an effectivity of f = 0.1). The calcu-
lated luminosity of 2 x 10% ergs s * was within a factor of 2
of the ROSAT observations.

Haberli et a. (1997) extended thisideato look at individual
spectral lines produced from C, O, and Ne ions. The excited
state of the ion following capture was assumed to have a prin-
cipa quantum number n = q°” followed by a cascading decay
of An= 1. Cross sections for the C and O ions were from
measurements of Phaneuf et al. (1982) for collisionsin H and
H,, while avalue of 4 x 10°* cm? for Ne ions was assumed.

By considering individual ions, a synthetic spectrum was
produced. The X-ray luminosity from this calculation was
2.7 x 10" ergs s %, about 10 times the Cravens vaue. By
considering a wider range of solar wind ions (charge states of
C, N, O, Ng, Si, and Fe, using solar wind data of Bame and
Boschler), Wegmann et a. (1998) aso produced a synthetic
spectrum. They used aclassical overbarrier model (Mann, Folk-
mann, & Beyer 1981) to determine total cross sections and the
initial excited state of the charge-exchanged ion. In this case,
line intensity ratios were assumed to be equal for each ion and
an effectivity of f = 0.4-0.8 was applied. This model yielded
aluminosity of 1.2 x 10% ergs s *. It demonstrated that when
enough ions are considered, the spectrum will resemble con-
tinuous bremsstrahlung emission as observed by low-resolution
detectors, such as those aboard ROSAT.

It is clear that models of charge-exchange interaction of the
solar wind with the comet can account for the intensity of the
X-rays. However, in an effort to determineiif it is the dominant
process, a humber of factors make accurate calculations dif-
ficult. These are: (1) the value of the cross sections for indi-
vidual ions in cometary atoms and molecules (such as H,0,
CO,, CO, OH, and O) are presently unknown; (2) the relative
intensities (obtained from line-emission cross sections) and ef-
fectivity f of the X-ray emission following capture of an elec-
tron have not been given detailed consideration; and (3) the
density, composition, and variability of the minor solar wind
ions are not known in detail.

With the recent launch of the Chandra and X-ray Multi-
Mirror (XMM) satellites, unprecedented angular and spectral
resolution of cometary X-ray emission will become available.
These data should determine the relative importance of the
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TABLE 1
ToTAL CROSS SECTIONS FOR SINGLE AND DOUBLE CHARGE EXCHANGE OF VARIOUS SOLAR WIND Ions IN H,O anDp CO,?*
I on 13c3+ 13c6+ 15N 7+ 1605+ 1807+ 1808+ 22Ne9+
H,0:
O ot wovrnrreneneeaa 15+01 60+x14 95+14 4305 53+x08 6307 80=x20
O ez orrnrreneneennns 08+01 08+07 20+x04 0401 08x01 15+x05 12=+12
CO,:
O ot ovrnrreneneeaa 11+01 51+10 71+06 41+05 68*+14 6307 72=*18
O e ovrnrreneneennns 12+01 13+06 26+x04 06=+x01 11+02 21+x05 20=+17
Haberli etal. o g1 ......... 0.6 3.6 22 44
Wegmann et d. o, 5 2 12

4g-1 e

@ Cross sections are in units of 107*° cm?.

different proposed mechanisms. Even if charge exchangeisnot
the dominant process, spectral lines from these reactions will
still be observed and associated with individual solar wind ions.
Other mechanisms result in broadband X-ray emission.

Since the gasdynamics of the comet’'s coma can be well
determined from longer wavelength observations, reliable data
on the charge exchange could allow comets to be used to mon-
itor accurately the composition of the solar wind, as has been
suggested by Dennerl et a. (1997). To this end, we have de-
veloped an experiment to measure total charge-exchange cross
sections for collisions of highly charged states of C, N, O, and
Ne with the comet-abundant species H,O and CO,. We pre-
viously reported measurements of cross sections for hydrogen
and helium ion interactions with H,O and CO, (Greenwood,
Smith, & Chutjian 2000). These results were of interest to
observations of solar wind ion depletion as a function of dis-
tance from comet Halley by the lon Mass Spectrometer/High-
Energy Range Spectrometer instrument on the Giotto spacecraft
(Shelley et al. 1987; Fuselier et a. 1991). In the present work,
we have installed a detector to observe X-ray emissions from
the charge-exchange collisions, leading to the more sensitive
measurement of line-emission cross sections.

2. EXPERIMENTAL DETAILS

The apparatus and method used to measure total charge-
exchange cross sections has been described previously (Green-
wood et al. 2000), but a brief description will be given here.
To produce beams of highly charged ions present in the solar
wind, an electron cyclotron resonance ion source (Liao et al.
1997; Chutjian, Greenwood, & Smith 1999) is employed. In-
dividual speciesare accelerated and mass/charge selected using
a double-focusing 90° analyzing magnet. The ions then pass
through a target cell filled with gas (H,O or CO,) at a pressure
low enough to ensure single-collision conditions. The final
charge state of the ion after a reaction is determined by a
retarding potential technique. By measuring the pressurein the
collision cell using a capacitance manometer, absolute cross

TABLE 2

LABORATORY ION
COLLISION VELOCITIES

Velocity

lon (km s™)
BCH 558
BCE 789
BN L 794
BO L 650
BO™ L 724
BOP L 774
ZNe*t ..., 743
2ZNel*t ... 783

sections for the process are obtained. Recently, a high-purity
germanium X-ray detector has been installed to observe pho-
tons emitted at angles close to 90° to the ion beam direction.
A 7.5 um—thick beryllium window protects the detector from
contamination while allowing transmission of energetic pho-
tons. The window transmission is less than 0.5% at 400 eV,
rising to 4% at 600 eV, 20% at 800 eV, and 40% at 1000 €V.
The minimum detector resolution of about 100 eV is narrow
enough to allow separation of the 2p— 1s, 3p—1s, and
4p — 1s transitions in the ions studied.

3. RESULTS

Total cross sections for single (j = 1 in eq. [1]) and double
(j = 2) charge exchange of C**, C**, N*, O**", O"*, O%", and
Ne’* in H,O and CO, are presented in Table 1. Also included
are cross sections used by Haberli et al. (1997) and Wegmann
et al. (1998) in their models. All measurements were made at
collision energies of 7q keV, where q is the ionic charge. The
corresponding velocities are shown in Table 2.

X-ray spectra obtained from collisions of Ne'**, Ne’*, O®*,
O™, and N”* with H,O and CO, were acquired. Spectra of
Ne'*, Ne**, and O*" in H,O are shown in Figure 1 and are
uncorrected for transmission of the Be window. For Ne'°* and
Ne’*, the main peak (resulting from 2p — 1s transitions) is
well enough separated from other contributions to determine a
FWHM of 104 eV. Gaussian peaks centered on the known
transition energies were fitted to the data, and relative contri-
butions were determined. The transmission efficiency of the
Be window was applied to the deconvoluted peaks. Results are
presented in Tables 3 and 4.

For each collision, only one photon is emitted in the energy
range of the detector. The relative contributions in the X-ray
spectra can be normalized by using the measured single charge-
exchange cross sections. The line-emission cross sections ob-
tained are shown in Table 3. It is known from other work that
capture occurs mainly into the n = 4, 5 states. Hence, al of
the 2p — 1s transition arises via cascade from higher levels.
Also, a small correction (15%) was made to account for col-
lisions that populate the 2s metastable state of the ion, since
this will decay outside the viewing length of the detector. This
value was determined by analysis of cascading pathways of an
ion that has captured an electronintoann = 4 or 5 state (Wiese,
Smith, & Miles 1969). Full details of the above procedures
will appear in a forthcoming publication.

X-ray emission from double charge exchange also occurs.
The low-energy shoulder on the main peak of the Ne™* spec-
trum is probably from Ne®* emission following capture of two
electrons. Although the ions we studied generate X-rays at
energies higher than the peak observed in most comets to date
(200300 eV), Owens et a. (1999) and Dennerl et a. (1997)
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Fic. 1.—X-ray spectra (uncorrected for the transmission of the Be window)
obtained from collisions of (a) ?Ne'*, (b) #?Ne’*, and (c) **O°* with H,O.
The transitions, from lower to higher energy, correspond to the np — 1s series
forn=2, 3, and 4 (and for n= 2, 3, 4, and 5 for Ne’*).
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have shown that there is significant emission at energies >1
keV. During periods of increased solar activity, the solar wind
might be expected to contain more highly charged species.

4. DISCUSSION

The results in Table 1, which compare our experimentally
measured cross sections and those used by Haberli et a. and
Wegmann et al., show up to a factor of 2 difference. This
highlights the problem with using semiclassical models or try-
ing to deduce cross sections that have not been previously
measured or accurately calculated. It is also noted that double
charge-exchange cross sections cannot be ignored in models.
They can be as much as 35% of single exchange for highly
charged ions. For the case of C**, the double and single cross
sections are found to be equal.

An important consideration arising from the X-ray spectra
is that the 2p — 1s transition is found to dominate the spectra
(comprising 70%—90% of the total spectrum). The assumptions
of Haberli et a. on line intensity ratios result in 100% contri-
bution from 2p — 1s, while for Wegmann et a. it is 25% fol-
lowing capture into n = 4. The effectivity f has also been used
to estimate the fraction of collisions that produce an X-ray
photon. In a single charge-exchange reaction, one captured
electron radiatively stabilizes and emits one X-ray photon for
the ions studied. Therefore, a value f = 1 should be used in
conjunction with the measured cross sections. If the density of
gas in the coma is sufficiently high and the lifetime of the 2s
metastabl e state is long, then it is possible that the 2s state will
be populated and subsequently collisionally quenched, thus re-
ducing f. However, f will still be greater than 0.85. The present
measurements should prove valuable in helping to resolve some
of these issues.

5. CONCLUSIONS

Total single and double charge exchange and X-ray line-
emission cross sections have been measured for high charge
states of C, N, O, and Ne ions interacting with H,O and CO,
at velocities between 550 and 800 km s™*. The double charge-
exchange cross sections were found in several casesto be com-
parable to those for single exchange, and in C** the double
and single cross sections were found to be equal. X-ray emis-
sion cross sections were obtained from the measured charge-
exchange data, with correction for collisions which populate
the metastable 2s levels. Present measurements will enable fu-
ture efforts to be more detailed in their treatments, particularly
in the determination of X-ray line intensitiesfrom comets. With
the current and projected launch of X-ray satellites, compari-
sons with higher resolution observations should soon be pos-
sible. We intend to investigate X-ray line emission in charge

TABLE 3
LINE-EMISSION CROSS SECTIONS AND RELATIVE CONTRIBUTIONS FOR X-RAY EmissioN FRoM COLLISIONS OF SOLAR WIND IoNs wiTH H,O
N7+ O7+ OB+ Ne9+ Ne10+
Energy Relative Energy Relative Energy Relative Energy Relative Energy Relative
Level Cross  Contrib. Level Cross  Contrib. Level Cross  Contrib. Level Cross Contrib. Level Contrib.

TRANSITION (eVv) Section® (%) (ev) Section® (%) (ev) Section® (%) (ev) Section® (%) (eVv) (%)
o(2p-19) ...... 500 34+18 42 574 32+ 05 70 654 42+ 05 77 922 6.2 + 15 91 1022 81
a(3p-19) ...... 593 26+ 14 32 666 0.6 + 0.2 13 775 05+02 10 1074 0.27 = 0.12 4 1211 10
o(4p-19) ...... 625 o b 698 e b 817 e o 1127 0.20 += 0.10 3 1277 e

a(5p-1s) ...... 640 21+12> 26° 713 08=+02> 17 837 07+02 13 1152 0.14 + 0.07 2 1308 o

Note.—Energy levels are from Kelly 1982. The relative contribution of each transition is given as deconvoluted from spectra such as shown in Fig. 1.

2 Units of cross section are 10™** cm?.

® Cross sections and relative contributions are for the combined o(4p—1s) and ¢(5p-1) transitions.
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TABLE 4
LINE-EMISSION CROSS SECTIONS AND RELATIVE CONTRIBUTIONS FOR X-RAY EMISSION FROM COLLISIONS OF SOLAR WIND Ions wiTH CO,
O7+ Os+ Ne9+ Ne10+
Energy Relative Energy Relative Energy Relative Energy Relative
Level Cross Contribution  Level Cross Contribution  Level Cross Contribution  Level  Contribution
TRANSITION (eV) Section® (%) (eV) Section® (%) (ev) Section® (%) (ev) (%)

a(2p-1s) ...... 574 42 + 09 73 654 41 + 05 76 922 56 + 14 92 1022 81
a(3p-19) ...... 666 0.8 + 0.3 13 775 05 + 0.2 10 1074 024 + 011 4 1211 11
a(4p-1s) ...... 698 b b 817 b e 1127  0.12 = 0.06 2 1277 b
a(5p-1s) ...... 713 08 + 0.3 14° 837 08 + 0.2° 14 1152  0.12 + 0.06 2 1308 8

NotEe.—Energy levels are from Kelly 1982. The relative contributions of each transition are given as deconvoluted from spectra such as shown in Fig. 1.

@ Units of cross section are 107*° cn?.

® Cross sections and relative contributions are for the combined o(4p—1s) and ¢(5p—1s) transitions.

exchange for different velocities and to extend both the range
of projectile ions and charge states studied, as well as the
cometary neutral targets.
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